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Executive summary

The main conclusion of project COL601 was that the method of underground open path, remote
flammable gas measurement, in its existing form, does not comply with the current safety
regulations and hence should not be used for routine underground flammable gas monitoring. The
problem with the method used lies in the fact that it provides an integrated measurement of gas
concentration along the path, or, in other words, a percentage of gas concentration per metre. It
is impossible to identify an area with a dangerous level of flammable gas using this method.

Therefore, it was proposed that a time Ranging Open Path Remote Sensing (ROPRES) device
should be developed. This technology enables the distribution of flammable gas concentration
along the open path to be determined, thus ensuring that the safety regulation requirements for
routine methane monitoring and early warning are met.

The employed technology is known as Differential Absorption Light Detection and Ranging (DIAL),
a form of optical radar, which is widely used for atmospheric probing. In essence, short impulses
of two wavelengths of infrared laser light are projected along the path of interest. This light is
backscattered off the dust particles in the air and is collected by a receiving telescope. One
wavelength, the primary, is matched to a strong absorption line of the gas species of interest. The
other, the reference, is unattenuated by this gas but lies at a wavelength close enough to the
primary wavelength to ensure that differences in transmission characteristics are negligible. The
methane concentration at any particular distance from the sources can be resolved from the two
received signals by analysing their ratio at a time corresponding to that taken for the light to travel
from the transmitter to the area of interest and back to the receiver.

It is impossible to apply current DIAL technology directly for use underground, as the best spatial
resolution of such a system is only about 15-30 m. This limitation is due to both optical timing
aspects and to a lack of backscattering particles in the atmosphere. Because of these limitations
of current laser and receiver technologies, a theoretical study was undertaken to determine the
expected backscattered radiation from the dust of a typical mining atmosphere. The results of this
were used to specify system requirements. Software simulation has confirmed the concept.

The study demonstrates that due to the substantial amount of airborne dust in the mine atmosphere
and due to the advent of a new convolution-based DIAL technique, a proposed system fit for
underground application (1-2m spatial resolution) is feasible. The hardware and processing
software for the ROPRES system has subsequently been developed and tested in laboratory
conditions. The laser diode based device requires a custom-built powerful laser impulse diode at
1,665 ìm (ON wavelength). The initial cost of manufacturing of the required customized impulse
laser diodes is beyond the funds available for this year. The cost of such laser diodes would be
lower in the case of commercial manufacturing. Therefore, for the prototype testing, the National
Laser Centre (NLC) proposed using a commercially available continuous wave (CW) laser diode,
driven at higher current than rated, in an attempt to obtain a higher output power.

A testing rig was designed and built in order to conduct a laboratory test of the device. The rig
consists of a 2 m long 400 mm diameter rotating steel tunnel sealed at both ends with polyethylene
membranes and filled with a mixture of methane and air. A fan installed in the tunnel serves to
circulate the introduced dust and to provide a homogeneous methane mixture. Methane
concentration is monitored by a methane sensor. The distance between the rig and the detector
can be varied between 2 m and 20 m. During testing of the prototype device, it was established that
these CW diodes did not provide the required output power due to damage of the optical resonance
chamber. In order to complete the project on time and on budget, it was decided to modify NLC’s
laboratory stand for the required test and to build an 8 m gas tunnel.
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Subsequent tests have confirmed theoretical results in that the amount of backscattered radiation
in a mining atmosphere is sufficient for obtaining 1-2 m spatial resolution. Thus, the concept of
ranging open path remote flammable gas detection/monitoring has been verified.

As the next step, the development of an autonomous device for laboratory and underground tests
is proposed.
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1. Introduction and project background

The research report COL601 presented the results of an evaluation of the existing open path
remote flammable gas detection/monitoring technology (Kononov, 1999). This technology employs
a continuous wave infrared beam of a specific wavelength travelling through the atmosphere and
being attenuated by the gas of interest. A range of commercial equipment is available for military
and industrial use.

The evaluation demonstrated that the method of open path remote flammable gas measurement,
in its existing form, does not comply with the mine safety regulations and hence should not be used
for underground flammable gas monitoring. The problem of the method used lies in the fact that it
provides an integrated measurement of gas concentration along the path, or in other words, an
average percentage of gas concentration per metre. It is impossible to identify an area with a
dangerous level of flammable gas using this method.

In an attempt to achieve spatial resolution in the remote gas detection, NIOSH conducted some
further research (Litton, 2000) on the two wavelength Optical Remote Sensing (OPRES) system
developed by Litton and Denes (1987). In order to determine spatial resolution of the methane
distribution within the immediate face area, a tomographic approach was used. The algorithm was
developed by MESH, Inc. This algorithm combines distance to the reflective surface (coal face),
beam angle and methane absorption data from at least two vantage points to produce a map of the
methane distribution. Unfortunately, due to lack of funds, NIOSH’s research ended before they were
able to incorporate the software into the OPRES device. It was planned to use a stepping motor
to scan at fixed angular increments from one side of the entry to the opposite side and then to
repeat the procedure in reverse. Knowing the depth and width of the face area, the incremental
distance could be calculated. A resolution of 0,3 m was expected (Litton, 2000). The method
proposed by NIOSH would require an at least 6 m wide entrance to the monitoring area, which is
not always practical, particularly in hard rock mines. The need to sample from two vantage points
is also cumbersome and often impractical.

As a result of COL601 it was proposed that the Ranging Open Path Remote Sensing (ROPRES)
methodology be adapted for underground application. NIOSH has provided some information1 on
suitable hardware, which could be incorporated into the development.

This report presents the main results of the theoretical and experimental research behind the
development of the ROPRES device. This design is based on the Differential Absorption Light
Detection and Ranging (DIAL) technology and should enable the determination of distribution of
flammable gas along an open path. Implementation of this technology will ensure that the safety
regulation on methane monitoring and early warning are met.

DIAL gas detection is widely deployed in industry, but because of insufficient spatial resolution this
technology cannot be used in its original form in underground operations. The main reasons for this
limitation are discussed in the following section.

                                                
1 During the course of the project close contacts were maintained with Mr C.D.Litton of NIOSH, who is very
interested in this project.
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2. Project initiation

A worldwide literature search was conducted to identify the latest development in laser technology
applicable to the proposed concept. The involvement of a specialized organization to provide very
specific optical and laser development was required. About 15 international organizations were
contacted in order to estimate an international market of possible collaborators. Solely for a two
wavelength pulsed laser, Miningtek was quoted between US$200,000 and US$400,000.

The South African National Laser Centre (NLC) proved to be the only affordable option for
cooperation. Various aspects of the initial agreement were re-negotiated with the NLC, before a
final contract was signed on 21 July 2000. Miningtek’s initially proposed laser structure based on
an Optical Parametric Oscillator (OPO) was modified based on expertise offered by the NLC. The
laser diode based device requires a custom-built powerful laser impulse diode at about 1,665 ìm
. For the prototype testing, it was decided to use a commercially available continuous wave (CW)
laser diode, driven at higher current than rated, in an attempt to obtain a higher output power.
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3. Differential Absorption Light Detection and Ranging
(DIAL) technology

Laser remote sensing is based on the projection of a short laser pulse, followed by the reception
of radiation reflected from a distant dedicated or topographic target, or from atmospheric
constituents such as molecules, aerosols, clouds or dust.

The use of light backscattering to measure properties of the atmosphere is not new, extensive
experiments having been conducted in early 1900’s with large searchlights. Every miner is familiar
with the concept of backscatter, and experiences it every day, when a light beam from a cap lamp
becomes visible in mining atmosphere. The field of optical remote sensing was greatly advanced
by the laser development (Killiger and Menyuk, 1987).

When comparing OPRES (COL601)
and DIAL technologies from an optical
point of view, a few common features
can be noted. Both technologies
measure an IR beam of a specific
wavelength attenuated by an absorption
line of the gas of interest (ON
wavelength). Both of them employ a
second wavelength (OFF wavelength),
which is as close as possible to the ON
wavelength, but free of attenuation by
the gas of interest. Other attenuating
factors present will be practically
identical for ON and OFF wavelengths.
This enables the cancelling out of all
attenuation except for that due to the
gas of interest (Figure 3.1)
(Rothman,1998).

The main difference between an OPRES and a DIAL system is that in DIAL very short impulses are
used as opposed to the continuous waves employed in the OPRES system. Due to the scattering
some part of the IR light will be reflected back towards the IR light source where it is registered by
a receiver. Hence the received signal strength depends on the gas concentration and the level of
scattering (Figure 3.2).

The same length of impulse of OFF
wavelength propagates through the same
optical path and experiences the same
level of scattering. Therefore, only the ratio
of the received ON and OFF signal is
proportional to the gas concentration.

Let us assume that a laser has launched
an IR light impulse of 333 ns duration.
Such an ON or OFF impulse propagates
through the atmosphere and occupies 100
m length of the optical path at a time. In
order to obtain a spatial resolution the
receiver is synchronised with the laser.
The receiver should be opened for 666 ns
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to receive the whole portion of scatted light from any of 100 m section of the path. Theoretically,
by delaying the receiver opening after the end of the launched impulse from zero to, for example
5999 ns enables one to obtain information on gas concentration along a 1000 m path with 50 m
resolution (Figure 3.2) .The DIAL technology has found very wide applications in atmospheric
studies, as is demonstrated with the following two examples.

Ikuta et al. (1999) discuss the development of a DIAL system for the field monitoring of methane
leakage. A frequency-doubled Q-switched Nd:YAG laser is used to pump a Ti:sapphire laser which
is followed by a Raman shifter. This arrangement provides a tuneable source around 1.67µm. The
Q-branch absorption lines at 1.67µm have absorption cross-sections more than two orders of
magnitude lower than that at 3.31µm. However, obtaining suitable laser sources (and receivers)
for 3.31µm is both difficult and expensive. The final pulses produced by the system are 5-7ns in
length and have a peak energy of 3mJ. The laser is fired with a repetition rate of 10Hz and
averaging is done over 256 shots. ON and OFF wavelengths were selected as 1.66595µm and
1.66608µm respectively. The receiving end consists of a Newtonian telescope (diameter 300mm)
and an InGaAs PIN photodiode (diameter 3mm). The system has proven to have a range of 40 –
250 m with a spatial resolution of ~15m.  A concentration of 6000 ppm/m (or 400 ppm over 15 m)
is detectable over the full range. The minimum detectable limit occurs at 120m and is 1000 ppm/m.

Prasad and Geiger (1996) have developed a system with a sensitivity high enough to detect traces
of methane. A standard flashlamp-pumped Nd:YAG laser source is used. Unlike the system by
Ikuta et al. 1999 where the source is tuned alternately between ON and OFF wavelengths, this
system sends the ON and OFF pulses simultaneously. By processing the two return signals
simultaneously, the effect of variations due to fluctuations in the particulate and aerosol
concentrations in the atmosphere at the two wavelengths can be minimised. The phase relationship
between the two reflected signals is also used in the processing. ON and OFF wavelengths were
selected as 3.314µm and 3.600µm respectively. The pulse length is 12ns with a peak energy of
15mJ. The pulses are produced at a repetition rate of 10Hz and 128 shots are used for averaging.
The receiver aperture is 0.3048m in outer diameter with a 0.1016m inner diameter shared with the
transmitter. The simultaneous wavelengths are separated by a dichroic beamsplitter which allows
wavelengths below 3.4µm into one detector and wavelengths above 3.4µm into the other. Liquid
nitrogen cooled InSb detectors (diameter 50mm) are employed. With the aid of a retroreflector, the
system detected 0.05 ppm (integrated) of methane at a distance greater than 1.6 kilometre.
Unfortunately, no range resolved results were presented.

4. The main aspects of ranging open path remote gas
sensing for mine application

Standard DIAL technology in atmospheric studies involves a 1-10 km optical path with an average
resolution of between 30 m and 150 m - more than adequate for atmospheric purposes. To provide
such resolution, an optical impulse of about 100-500 ns is used. In conventional DIAL, the duration
of the optical impulse determines the obtainable spatial resolution.

As will be demonstrated later, in order to provide the 1-2 m resolution required for mining
application, an impulse of 6-8 ns is required. The use of conventional DIAL at the current stage of
laser technology demands the use of expensive and bulky equipment.

In contrast to the atmosphere, where sufficient backscattered radiation to be detected is obtained
from a path at least a few tens or even hundreds of metres in length, in a mine, the same amount
of scattered radiation should be obtained from a 1-2 m long path. It was assumed that the ever-
present, very fine dust in the underground atmosphere provides the required level of scattered
radiation from the short path.
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5. The mine atmosphere as an IR scattering medium

If a plane electromagnetic wave passes over an obstacle, charges in the obstacle are set into
motion and radiate secondary waves in all directions. This phenomenon is called scattering. In
optical remote sensing, numerous types of scattering are utilised. The two most predominant types
of elastic scattering (the scattering causes no change in frequency) are Rayleigh and Mie
scattering. These are briefly discussed in the following.

In Rayleigh scattering, laser radiation is elastically scattered from particles smaller than the
wavelength. Such scattering would be present even in a completely clean atmosphere, because
the gas molecules themselves would scatter. The Rayleigh scattering efficiency is proportional to
λ-4

 where λ depicts the wavelength. Its effects are negligibly small for wavelengths longer than 1µm.
This strong scattering of the shorter wavelengths is the cause of the blue colour of the sky and the
red of the setting sun. Rayleigh scattering is categorised by a radiance diagram resembling a filled-
in toroid.

In Mie scattering, laser radiation is elastically scattered from small particulates or aerosols of a size
comparable to the wavelength of radiation. It depends, in a complicated interlationship, on the
particle size, the refractive index, the absorption, the particle size distribution, the wavelength, and
the scattering angle. Mie scattering almost always results in stronger scattering in the forward
direction.

The cross-section for Mie scattering can be so large that just a few appropriate size scatterers will
give rise to a scattered signal that would completely swamp any Rayleigh scattered component
(Table 5.1). Thus, considering the large amount of inherent coal/rock dust present in the mines,
only the Mie scattering off these dust particles will be investigated. The reflected (backscattered)
component of the Mie scattering is of course of primary interest because the transmitter and
receiver optics are essentially at the same point.

Table 5.1  Typical Mie and Rayleigh effective reflectivity

Optical interaction Scatterer Effective reflectivity
(radiated into π steradians)

Rayleigh O2, N2 10-7   (m-1)
Mie Aerosols, fine dust 10-6   (m-1)
Backscatter by hard
targets

Buildings, trees, dense
clouds

10-2 to 1

Before delving into the Mie scattering theory, the numbers and sizes of the scatterers is
investigated. In coal mining, dust is produced at the face, at conveyers, at transfer points, and by
the normal movement of men and machines. Coarse dust settles rapidly, while fine particles remain
airborne and may be transported for considerable distances.

5.1 Coal dust distribution

Numerous sets of data representing the particle count versus the particle size were studied. The
data obtained by Terpstra (1973) appeared to be the most relevant and consistent and was thus
chosen for the particle distribution function fit (Table 5.1.1). Terpstra’s results do not, however,
make mention of a dust concentration in mg/m3. Thus, assuming spherical particles and a coal
density of 1550 kg/m3, the data has been normalised to a dust concentration of 1 mg/m3. The data
were subsequently scaled to a dust concentration level.
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Table 5.1.1. The relationship between particle diameter and the number 
of particles (Terpstra, 1973). Results normalised to

a dust concentration of 1mg/m3.

Particle radius limits (µm) Proportional number of
particles

Total backscatter
cross section (m-1)

0.35 to 0.5 1.750E+07 1.87E-07
0.5 to 0.7 9.168E+06 1.18E-06
0.7 to 1.0 4.584E+06 4.42E-07
1.0 to 1.4 2.375E+06 1.74E-06
1.4 to 2.0 1.265E+06 7.20E-07
2.0 to 2.8 6.480E+05 9.44E-07
2.8 to 4.0 3.401E+05 9.81E-07
4.0 to 5.65 1.053E+05 5.82E-07
5.65 to 8.0 4.368E+04 4.88E-07
8.0 to 11.3 1.718E+04 3.83E-07
11.3 to 16.0 2.148E+03 9.57E-08
16.0 to 22.6 1.432E+03 1.28E-07

It is stressed that the used values for coal dust are for the worst-case (i.e. the distribution resulting
in the least backscattered radiation) and that accuracy is not paramount. The typically low coal dust
concentration in a cutting area of 16.6mg/m3 satisfies this criterion. Figure 5.1.1 gives a basis for
comparison to other dusts and aerosols.

Figure 5.1.1 A range of common airborne particles and aerosols
(adapted from Drinker and Hatch, 1954)

In atmospheric studies, one is limited to very high spatial resolutions (down to about 30m) by a
relatively low dust content. As can be seen in Figure 5.1.1, there is a roughly two orders of
magnitude higher dust concentration in mines than in the air. This is very encouraging in terms of
obtaining sufficient backscatter for the desired spatial resolution of 1m.

It must be taken into account that the dust distribution is a function of distance from the coal face.
An estimation of this is obtained by assuming that all dust is created at the roof level and that a
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laminar flow carries the dust particles away from the face at a constant rate. The maximum particle
size is limited and based on the time taken for the particles to fall past the horizontal sensing
pathway. As the particle size decreases, so the horizontal distance the particle is able to travel
before falling below the sensing pathway increases. This distance has been estimated by using
Stokes equation (for viscous forces) to determine the vertical terminal velocity, and by assuming
that the particles are moving at a typical horizontal wind velocity of 0.3m/s. With a distance between
the DIAL system and the roof of 2m, the results presented in  Figure 5.1.2 were obtained.
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  Figure 5.1.2.  Maximum particle size as a function of distance from the face

Thus, at 20m from the face, the maximum particle radius is roughly 13µm. Particles bigger than this
will be ignored. As will be seen later, their contribution to backscatter is negligible and the optical
density of the mining atmosphere is practically constant up to a distance of a few hundred metres
from the face.

5.2 Light scattering theory

In the transition region, where the particle size is
comparable to the wavelength, the scattering follows no
power law, as is the case in Rayleigh scattering where the
scattered intensity is proportional to λ-4. This region is
called the Mie region. Mie’s theory describes the
scattering of light for an incident monochromatic plane
wave falling upon an isotropic sphere of radius a. The
surrounding medium is transparent, homogeneous and
isotropic. The scattering formulae for spherical particles
are made up of two complex amplitude functions, )(1 θS
and )(2 θS where θ is the scattering angle depicted in
Figure 5.2.1.

Figure 5.2.1  Definition of the
scattering angle

θ

Incident

Scattered
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An amplitude function is essentially a function of the form σθ iseS =)(  where s is positive, σ is real
and both are functions of θ. S(θ) is also a function of the wavelength of the incident light λ, the
radius of the particle r and the complex refractive index of the particle n. Knowledge of the
amplitude functions suffices for computing the intensity and polarisation of scattered light and the
total cross sections of the particle for scattering, absorption and
extinction.

The scattering of light by a homogenous sphere cannot be treated in a general way, other than by
the formal solution of Maxwell’s equations with the appropriate boundary conditions. The
mathematics involved in deriving Mie’s equations is daunting and is treated in detail by Kerker
(1969) and Van de Hulst (1957). The precise relations for the Mie amplitude functions are lengthy
and will not be presented here. Suffice to say that there are numerous commercially available
software packages that undertake this task, from which the shareware package Mietab® was
selected for this application. Figure 5.2.2 shows a scattering diagram for a particle with a refractive
index of 1.7, a particle radius of 2µm and an incident wavelength of 1.65µm. The light is incident
from the left on the y=z=0 line. The figure clearly illustrates of the complexity of Mie scattering.

Figure 5.2.2 Mie scattering diagram for a particle with a 2µµm radius, refractive
index 1.7 and an incident wavelength of 1.65µµm.

Although in reality, the coal-dust particles are irregular, Van de Hulst (1957) suggested that when
averaging over all orientations the result for an irregular particle would be similar to a smooth
sphere. This has been verified by Mugnai and Wiscome (1980), who concluded that scattering by
strongly absorbing randomly oriented particles shows excellent agreement with equal volume
spheres.

The Mie intensity functions define the intensity of light scattered for unit incident light intensity and
are related to these amplitude functions by the relations

2

11 )()( θθ Si =  and 
2

22 )()( θθ Si =

Incident
radiation
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where i1(θ) and i2(θ) are defined as the intensities with perpendicular and parallel polarisation,
respectively. The scattered light intensity is therefore proportional to the square of the amplitude
of S(θ). As a direct consequence we have

( ) ( )
22

212
1 )()(

dk

ii
I sca

θθ
θ

+
= [dimensionless] 5.2.1

where Isca(θ) is the scattered intensity (for unit incident intensity), k is the wave number (2π/λ) and
d is the distance from the scattering origin.

The backscatter cross-section of a spherical particle is given by πθθπ =)(4 2Id  and is defined as 4π
times the power scattered back per steradian divided by the power incident on a unit area (Van de
Hulst, 1957:284). Eliminating the dependency on distance from the scattering origin using equation
5.2.1 and dividing by 4π to give a dependency on solid angle gives

[ ] πθθθπλβ =+= )()()4/( 212
122 ii . For the backscattering case )()()( 21 πππ iii ==  so

)()4/( 22 ππλβ i= 5.2.2

The backscatter efficiency or backscatter gain is given by 22 /)(4/ xiaG ππσ == . This is the ratio
of the backscattered intensity to that which would be found if the sphere scattered the entire
incident energy isotropically. It is shown for a coal particle in Figure 5.2.3.
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Figure 5.2.3  Backscattering gain for coal particles

5.3 Scattering and attenuation by coal dust in mine
atmosphere

The Mie equations are for scattering due to a single sphere, but can be extended to a cloud of
particles with a few assumptions. The precise amplitude function for an entire cloud of particles
would have to be derived by first referring all amplitude functions to a common origin and then
adding them. The transformation to a common origin would involve large phase shifts depending
on the precise positions of the particles. For πθ = , a change of origin does not alter the phase, and
the interference takes place irrespective of the precise position of the particles. These phase shifts
have a random nature and change rapidly even during one experiment, so the interference
phenomena that would be expressed by the addition of the amplitudes are not noticed in practice.
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It will thus be assumed that the scattering is independent, i.e. that there are no systematic relations
between these phases. A mutual distance of 3 times the radius is a sufficient condition for
independent scattering. This condition is by far exceeded by the dust present in the mining
atmosphere. Single scattering is also assumed, i.e. the radiation to which each particle is exposed
is essentially the light of the original beam. With this assumption it can be stated that for a thin layer
of methane containing M scattering particles, the intensity scattered by this layer is M times that
scattered by a single particle, and the energy removed from the original beam is also M times that
removed by a single particle. Assuming that the scattering is both single and independent, the Mie
equations for single scatterers can therefore be applied to a cloud of particles of varying size.

With a refractive index of the coal of i286.0689.1 −  (Foster and Howarth, 1968) and a laser
wavelength of 1.67µm, the integrated backscatter cross section is obtained for all of the particles
present in a cubic metre (Table 5.1.1). The backscatter off a unit volume of the mining atmosphere
for a dust concentration of 16.6mg/m3 is thus calculated (equation 5.2.2) to be

0504.1 −= eβ  m-1sr-1

This is the volume backscatter coefficient, which was given to the National Laser Centre for use in
determining the optical parameters of the ROPRES system.

This number represents the effective reflectivity per steradian  for a 1m path. Killinger and Menyuk
(1987) present a typical value of 3.2e-07 m-1sr-1 for atmospheric conditions which is, as expected,
roughly two orders of magnitude lower than that calculated for the underground coal mine
conditions.

Because of the high absorption, coal dust represents a worst case for the level of backscattered
radiation. When rock dust is present in a mining atmosphere, a higher backscattered level is
expected. The reflectivity of a coal and rock sample at 1,665 ìm was measured and it was seen
that the rock was more than twice as reflective.

By analysing the contribution of the various particle sizes towards the total volume backscattering
coefficient, it could be seen that at 800m from the face (assuming a constant wind velocity of
0.3m/s) where the maximum particle size is 2,8µm, the error induced in the volume backscattering
coefficient will be 5%. It can thus be concluded that the application of the ROPRES system is not
limited to the immediate vicinity of the face.

The passage of radiant flux though the atmosphere is barred by numerous phenomena,
predominantly the selective absorption by several of the atmospheric gases and the scattering
away from the line of sight by small suspended particles. The transmission T(λ,R) is required (in
addition to the volume backscatter coefficient) to determine the laser power requirements and/or
receiver sensitivity of the DIAL system. Typical atmospheric conditions are now used to obtain an
estimation of T(λ,R).

Assumptions and typical characteristics in addition to those stated in the previous section are: a
CO2 concentration of 0.032%, a relative humidity of 90%, a temperature of 25°C and an altitude of
1.6km above sea level. Out of the atmospheric constituents, it is assumed that all absorption is due
to CO2, water vapour and the coal dust. The distance dependence of the transmission is negligible
and will be ignored. Worst case conditions have again been assumed.

Reading off an extensive set of tables in Hudson (1969) yields the transmittances 999.0
2

=COT  and

996.0
2

=OHT . The attenuation due to the presence of the coal dust (the extinction cross-section,

derived using the Mie forward scattering component) contributes TMie=0.999995≈1. A worst case
coal dust concentration of 1000mg/m3 was used. The value of the mine atmosphere transmittance
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is simply the product of these various transmittances i.e. 995.0
22

== OHCOatm TTT , a value small

enough to be ignored. Note that this transmittance is independent of the attenuation due to the gas
of interest.

6. The convolution type of DIAL/ROPRES data 
processing

In order to obtain portability and reduce the cost of the device it was proposed by the NLC to use
laser diodes for both the ON and OFF wavelengths. At the current stage of technology a laser diode
is not able to provide the 6-9 ns impulse required for 1-2 m resolution in a conventional DIAL
system. Therefore, an 18 ns impulse is used and a new processing method based on the
convolution theory is employed.

In standard DIAL, a maximum spatial resolution of ct/2 can be achieved, where t is the duration of
the effective transmitter pulse and c is the speed of light.

The underlying model used in all calculations in this report is, as proposed by Falk and Lange
(1992) for a Light Detection and Ranging (LIDAR) system. LIDAR is similar to DIAL but only a
single wavelength is employed. For clarity, only the LIDAR equations will be presented, their
extension to a DIAL system is straightforward.

The LIDAR convolution type formula is
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c
r
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where V is the received signal power, P is the power of the emitted pulse, t is time, r is the distance
from the LIDAR system,
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â is the atmospheric backscattering coefficient and T is the one-way transmittance function
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where ó is the extinction (or absorption) coefficient due to the gas of interest.

The function f is typical to a LIDAR system, and at the moment unknown for the planned hardware.
The above model is used for calculating the received signal V for a given emitted pulse P,
backscatter β and one-way transmittance function T. NLC used the function f presented in Falk and
Lange (1992) for simulation purposes.

Then for the recovery of ó, the values of P and V are seen as data from which S is calculated
through a deconvolution of 6.1. The extinction coefficient ó is subsequently calculated from 6.2 and
6.3 from which the gas concentration can easily be determined.

As a practical limit for the hardware that is being considered, the highest sampling rate proposed
is 400 MHz. This amounts to a sampling interval of 2.5 nanoseconds. In the calculations, a
transmitter (Tx) pulse length of 20 nanoseconds was used. Traditionally this would translate to a
spatial resolution of ct/2 = 3 metre. Figure 1 (Appendix) depicts the successful detection of the
edges of the gas pocket to less than 1 metre resolution.

Seeing that, with the current approach, the length of the pulse does not restrict the spatial resolution
to ct/2, the effect that the pulse length has on the recovery of ó is investigated next.
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For the purposes of numerical experimentation, the pulse lengths varied from 20 ns to 7 ns. Figures
1, 2, and 3 (Appendix) show the recovery of ó for the different pulse lengths. In future, the hardware
will probably employ an asymmetric transmitter pulse. The pulse shape depicted in Figure 4
(Appendix) is proposed for all further numerical investigations. One of the advantages of the DIAL
system is that the backscatter coefficient â has the same affect on the received signal from the on-
and off-wavelength transmitted pulses. The actual value of â therefore cannot affect the retrieval
of the absorption coefficient.

In nature, one anticipates that the edges of a gas pocket will have a slope rather than a step shape.
Figure 5 (Appendix) shows the results from modelling the gas pocket as having a trapezium-like
profile. Multiple gas pockets instead of one is also a likely occurrence. In Figure 6 (Appendix) the
results obtained from modelling two gas pockets with different absorption coefficients, are shown.

Inaccurate monitoring of the initial value (P0) of the emitted signal could potentially affect the
accuracy of recovered data. It was mathematically and numerically established that P0 does not
have any bearing on the calculated ó via 6.4 and 6.5. This number is however used in the
calculation of S in the deconvolution.

When a monitoring error of 10% is experienced in the peak value of the emitted pulse, an apparent
gas pocket appears in the recovered absorption coefficient apart from the presence of real gas
pockets. Figure 7 (Appendix) shows what happens when the Tx peak value used in the calculations
is 90% of the actual peak value. In the bottom figure, the real gas pocket was chosen to fall within
the range of the apparent gas pocket. Here the sought anomaly is effectively masked. Figure 8
(Appendix) depicts similar results when the peak value used is 110% of that of the actual Tx-pulse.

The received signal can either be contaminated by consistent or random, systematic or
environmental noise. For the purposes of this investigation, only random noise is considered. Figure
9 (Appendix) illustrates how random noise can be reduced by stacking 100 received pulses. To
each pulse, artificially random noise was added.

The question remains what noise level (in the stacked signal) can be tolerated. A small noise level
(.0001 %) was used as a first test. The recovery of ó (Figure 10, Appendix) was poor. A closer look
at the algorithm revealed instability in the evaluation of the formula

)ln(
2
1

)ln(
f
S

T = 6.4

The absorption coefficient is calculated from

)(ln)( rT
dr
d

r −=σ 6.5

which accentuates the noise.

A comparison of Figures 10 and 11 (Appendix) explains how the unstable calculations in 6.4
depend on the system function f. Seeing that (a), we do not know f and (b), the values of f will not
feature in practice, it is not worthwhile to investigate a more stable algorithm for 6.4 at this stage.

Figure 12 (Appendix) shows the results when the gas pocket has an absorption coefficient that
differs from that of the atmosphere by 2%. It should be noted that a time shift of one sample has
a huge effect, since it amounts to noise of more than 60% (see Figure 13, Appendix).

The following conclusions are drawn:
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1. A sampling rate of 400 MHz (sampling interval 2.5 ns) is adequate to attain a spatial
resolution of 1 metre. In the convolution approach, the emitted pulse length (within
reasonable limits) does not affect the spatial resolution. The emitted pulse has to be long
enough so that the chosen sampling intervals make sense in sampling the pulse.

2. Other shapes for the gas pocket and multiple gas pockets can be handled.

3. An error in the transmitter peak value can have a severe effect in the resolution of existing
gas pockets.

4. Noise in the received signal has a serious effect on data interpretation. The culprit is the
existing algorithm along with the chosen system function f. This problem can probably only
be dealt with when working with a real system.

5. Low contrast absorption coefficients (e.g. 2%) can be resolved if the noise is small enough.

6. A time shift in the data has an unacceptable effect on the data.
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7. Design of the laser diode based device

Based on the developed concept and method of data processing, the following device structure was
proposed (Figure7.1)

Figure 7.1  System block diagram

The focal point of the development is a prototype, which could in future be implemented into a
portable device at an affordable price for the mining industry.

Further enhanced methods of recovery processing of the DIAL signal will be investigated once real
signals become available during testing of the hardware.

7.1 Transmitter specifications

The transmitter consists of two laser diodes (ON and OFF wavelengths), collimation optics,
astigmatism correction optics (optional), beam combination optics, a start signal detector and a
mirror.

Notice that the spacing of the components is going to be determined largely by mechanical
considerations. Only the distance from the diode to the collimator lens is strictly constrained.
Thereafter, positioning of components is flexible to a large degree. The aspheric moulded glass
components, such as those offered by Geltech and Kodak are recommended in this case. Both the
Kodak and Geltech components can be purchased in small quantities from Thor Labs and possibly
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also directly from the manufacturers. Due to the fact that detailed nominal design data were not
available for the Kodak components in ZEMAX, the Geltech 350110 component was selected.
Kodak offers a somewhat cheaper, but inferior product.

It was decided to develop a method of removing the astigmatism from the laser beams. For
development purposes, it also makes sense to make use of an adjustable scheme. This is as a
result of the uncertainty in the actual value of the astigmatism that is unspecified by the
manufacturer. If astigmatism correction is not found to be beneficial, it can be omitted from further
models. It is suggested that the diode/collimator/astigmatism correction sub-assemblies be tested
on a bench prior to fitting to the transmitter assembly. The beam quality can be monitored by direct
acquisition of the beam on the Spiricon camera.

The suggested method of achieving adjustable astigmatism correction is as follows. Two custom
cylinder components will have to be manufactured. These components should have weak negative
power. One method of manufacturing such components is to take a glass or quartz tube, polish
both the inside and the outside surfaces using a linear polishing technique, and then cut a number
(at least two at a time) of components from the tube section. This will guarantee that the
components have optical powers very close to one another. Rotating the components with respect
to one another allows one to introduce either negative cylindrical power, or negative spherical
power (in roughly half the amount), and anything between those extremes. The actual dimensions
of the tube are not all that important, except that they should be within reasonable limits which are
still to be determined. It is important that the collimator lens has a focusing adjustment. A range of
±1 mm from the nominal diode-lens distance of 3.54 mm should be allowed for. The mechanical
drawings of the diodes do not give the depth of the diode emitter inside the package. This distance
should be measured, or obtained from the manufacturer.

The most efficient beam combiners are polarizing beam combiners, constructed from birefringent
materials. These allow relatively high efficiency for the combination of plane-polarized beams. It is
assumed that the above diodes will provide high levels of plane polarization. Suitable combiner
devices can be purchased from numerous suppliers. The first choice for this would be a polarizing
beam combiner, such as those offered by Halbo  (model PBC10 price £ 335 ). A Glan-Taylor type
could possibly also be used, but these will not necessarily give adequate beam colinearity, and not
all Glan-Taylors give access to the third beam, since they are normally not used as combiners in
the first place. The high power Glan-Taylor is a cheaper option (Halbo model PH7 at £ 210). A more
expensive option would be to use a Brewster Angle Polariser (Halbo model PB10 at £ 410), which
would improve transmission.

Halbo have suggested the use of their PH12M, regular high-power Glan-Taylor. The cost is £ 390,
and they claim it will work for this application. Delivery for this item is 1 week ARO, while other
options will take longer. It should be possible for Halbo to provide anti-reflection coatings for these
wavelengths, but the cost implications are not yet known.

In order to ensure that the diode can be correctly orientated with respect to the beam combiner, it
should be possible to rotate the diode (together with collimator and astigmatism correction optics)
to the correct position. This should be done only after the collimated beam sub-assembly has been
independently set up.

In order to provide for a convolution processing method a small amount of transmitted energy must
be tapped off to a start signal detector in order to establish when the pulse leaves the transmitter
and monitor the laser impulse shape.

A Brewster window can no longer be utilized after beam combination since the beams are
orthogonally polarised. It may be best to use an uncoated glass surface, as close to normal
incidence as possible, and then to focus the resulting reflected energy onto a detector using an
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aspheric component. A plastic aspheric such as one of the Apex series (model A0606 or A0609 for
example) made by US Precision Lens (now Corning Precision Lens) would almost certainly be
adequate in this case.

To provide alignment of a laser beam and the receiver optic, the transmitted beam must be folded
onto the optical axis of the receiver. It was recommended to enclose the beam as far as possible,
unless some leaked energy will be used for the generation of the start signal. Such an arrangement
is called a coaxial optical system.

7.2 Laser diodes

After an extended search of laser diode manufacturers, NLC selected a 5 mW continuous wave
(CW) laser diode at the required ON wavelength (1665nm), supplied by Frankfurt Laser Company.
It was decided to choose the off-peak transmitter at 1500 nm due to the fact that laser diodes at
these wavelengths are very favorably priced.

The FTLD-1600-05 is a 1665 nm laser diode based on GaInAsP/InP PBC quantum fabricated by
MOCVD and LPE semiconductor lasers.  The FLO-1500 is a 1500nm laser diode based on
GaInAsP/InP SC single quantum well structure fabricated by MBE semiconductor lasers. Low
threshold current and high slope efficiency contribute to low operating current in both diodes, thus
enhancing reliability. The laser diodes are supplied in SOT-148 housing with a built-in monitor
photodiode. The specification for the FTLD-1600-05 and FLO-1500 laser diodes are as follows:

Operating parameters Symbol FLO-1500 FTLD-1600-05
Optical output power Pout 5mW 5mW
Emitting area W×H 5.0×1.0ìm 3.0×1.0ìm
Threshold current Ith 45mA <40mA
Forward current If 70mA <140mA
Forward voltage Uf 2.0V 1.9V
Beam divergence Θ||×Θ⊥ 25×40deg. 30×35deg.
Spectral width (FWHM) ∆λ 3-5nm 2-3nm
Mode structure SM SM
Maximum output power Pmax 10mW 8mW
Maximum forward current Imax 120mA 200mA
Differential efficiency >0.7W/A >0.6W/A
External quantum efficiency >30% >30%
Wavelength drift <0.3nm/�C <0.3nm/�C
Threshold current drift <1%/�C <1%/�C
Thermal resistance <10�C/W <10�C/W
Characteristic temperature 160K 70K
Operating temperature -40�C +50�C -50�C +50�C
Monitor diode operating voltage 5V±0.5V 5V±0.5V
Monitor diode sensitivity - >0.2ìA/mW
Monitor photocurrent >50ìA >10ìA
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7.3 Laser diode driver

Although the diodes are CW, NLC used them in an impulse mode. The manufacturer was contacted
in this regard and they claimed that rise times of 2ns were obtainable. The output pulses should
have low noise and the amplitude and pulse width should be repeatable. The laser diode driver
pulses the laser diode when a synchronisation pulse is received at the driver’s pulse input. The
output pulse width of the laser diode will approximately be 20ns. The maximum output current of
the laser diode driver should be 100mA maximum.

A pulsed input activates the laser diode output. A very fast output current switch enables the laser
diode output and an analog light power control loop to effectively control laser power to a level
proportional to the sense input. The laser diode driver stabilizes the output power using the
integrated photo detector in the laser diode to measure the output power. Thus, the laser output
power is adjusted until the photo detector input equals a fixed power set point.

As the output pulse width is small (20ns), the rise time and delay of the pulse should be very small
so that the pulse is not severely distorted. The laser diode driver applies a bias current to the laser
diode so that the current is just below the threshold current. Thus, when the driver is activated, the
laser diode current increases from the threshold current to the set current in a short time.

Several commercial overseas units are available and these can function as a laser diode driver.
Most of the units are unsuitable as they cater for laser diodes with output pulse currents of 10A and
more. Suitable units that can drive the laser diode are as following:
The LDD P series drivers – Wavelength Electronics
Model 775 – Analog modules (No power control)

The laser diode driver IC’s that were investigated are IC’s that are used to drive laser diodes for
fiber optic LAN communications. The IC’s that can be used to drive the laser diodes are:

AD9661A – Analog Devices MAX3966 – Maxim (No power control)
MAX3263 – Maxim MAX3766 – Maxim

The laser driver IC’s shown above can be used to drive the laser diodes with minimum added
external components. The driver IC’s have integrated driver transistors that drive the laser diodes.

In order to do reliable measurements, the output pulse should be synchronized with the receiver
sampling. The PC acts as the host that determines the synchronization. The scope and the laser
diode driver are slaves. When a measurement is taken, the PC supplies a start signal to the laser
diode driver and the scope.

The transmitted laser pulse energy and shape needs to be measured accurately in order to provide
a suitable input for the DIAL formula. This calls for a high bandwidth, high dynamic range detector.
Avalanche InGaAs detectors have a 10x higher detectivity than normal PIN InGaAs photodiodes,
but the noise characteristics of these units render them unusable for our application.

It was decided to purchase a photodiode from a German company called Femto Messtechnik who
offers sensor packages with integrated low noise pre-amplifiers. The active area of the detector
element is 300 ìm in order to reach the 500 MHz bandwidth specification as required by the DIAL
solution software.

The specification for the PR-X-500M-IN-DC low noise photoreceiver is as follows:

Test Conditions Vs= ± 15V, Ta = 25°C



26

Gain Transimpedance 1 x 103 V/A
Max. Conversion Gain 10.5 x 102 V/W
Frequency Response Cut-Off Frequency DC to 500 MHz (-3 dB)

Rise / Fall Time 1 ns (10% - 90%)
Gain Flatness ± 0.7 dB

Detector Detector Material / Type InGaAs / ETX 300T
Active Area Ø 0.3 mm
Spectral Range 850-1700 nm
Peak Sensitivity 1.05 A/W @ 1550 nm
Min. NEP 28 pW/�Hz
CW-Saturation Power 1 mW @ 1550 nm
Max. Angle of Beam 145 ° (Full Incident Radiation)

Output Output Voltage ± 1 V (@ 50 Ω load)
Output Impedance 50 Ohm
Max. Output Current ± 40 mA
Output Offset Voltage 0 V typ., 5 mV max.

Power Supply Supply Voltage ± 15 V typ. , ± 18 V max.
Supply Current ± 70 mA typ.

Case Weight 50 gr.
Material Al, black anodised

Temperature Range Storage Temperature -40 ... +100 °C
Operating Temperature 0 ... +60 °C

Absolute Maximum Ratings Input Optical Power 20 mW
Power Supply Voltage ± 20V

7.4 Photoreceiver specification

According to the NLC, the irradiance at the receiver aperture is expected to lie in the range of 1 to
50 ìW.m -2 over the operating conjugates. A perfectly efficient collection aperture of 150 mm
diameter will therefore intercept in the region of 17 to 884 nW. These results are supposed to be
based on Miningtek’s value for the backscattering coefficient. There are some reservations about
these values as they differ quite substantially from those calculated at Miningtek. The NLC has not
provided Miningtek with their calculations for comparison, as requested.

A relatively simple receiver configuration can be achieved by making use of two customized glass
components in conjunction with a plastic aspheric from Corning Precision Lens (model A3050 for
example). A more compact, faster and superior (albeit more expensive) option can be achieved with
a fast Gradium singlet (Part number GPX-30-30) as illustrated below:

In both of these layouts, focusing is required to capture radiation from various object distances. It
is best to move both, the optical components at the back along with the detector. The total amount
of movement required depends on the range of conjugates and the focal length of the system. In
the above cases, to focus from 10 m to 20 m requires a motion of about 7 mm.

The solution is made even more compact by selecting a higher index (SF11 instead of BK7) glass
for the front component. This option also requires only 3 mm of motion to achieve the same
conjugate shift from 10 m to 20 m.

The same requirements as for the transmitter pulse detector holds for the receiver pulse detector.
However, due to the low signal returns expected at this detector, added amplification was decided
upon. Femto offered to manufacture a customized photoreceiver used for the transmitter detector,
but with an added 60 db gain high-speed amplifier.  This feature enhances the responsivity to 50
kV/W @1550 nm while reducing the noise equivalent power to 7 pW/�Hz.  Bandwidth is 10 kHz to
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400 MHz and the rise/fall time is 320ps. Both photoreceiver units are powered with linear regulated
stabilisation supplies featuring low ripple and noise.

During first phase testing of the technology demonstrator, a commercial digital oscilloscope unit
was utilised to capture signals from the photoreceivers. Some signal processing is done by the
oscilloscope such as smoothing of signals and basic averaging. The resulting waveform is
downloaded via GPIB interface to a personal computer where further signal processing and the
calculation of the DIAL formula will take place. Results are stored in raw signal format to enable us
to evaluate signal processing methods before a final model is agreed upon which can be
incorporated in the user interface software.

In accordance with the concept and specification, a laboratory device was constructed for testing
purposes (Figure 7.4).

Figure 7.4  Optical arrangement

8. Testing tunnel

In order to provide a constant methane/air mixture in a predetermined volume for testing purposes,
a gas tunnel has been built (Figure 8.1). The tunnel is 2 m in length and is housed by a 450 mm
diameter steel pipe. Both ends of the pipe are sealed with polyvinyl membranes, which are
transparent for IR radiation up to 3,0 ìm wavelength. The inner surface of the tunnel is covered with
black velvet, which absorbs IR radiation at the given wavelength.

The tunnel is equipped with three inlets, which are used to fill the tunnel with the required
methane/air mixture and introduction of some quantity of coal/rock dust to simulate the mining
atmosphere. A methane sensor is installed to monitor the methane concentration in the tunnel. A
fan is positioned inside the tunnel to establish a homogenous methane and dust mixture during
measurements. For the same purpose, the whole tunnel is rotated at a speed of about 6 rev/min.
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A transmitted laser beam reflects from both membranes, an occurrence that does not take place
in real conditions. The backscattered radiation due to this can affect obtained results. In order to
avoid this both, ends of the tunnel are cut at 80 degrees. The entrance membrane reflects the
incident beam into free space not onto the receiver. The exit membrane reflects the beam onto the
velvet on the tunnel walls, which absorb the radiation.

The gas tunnel is installed on a trolley enabling one to simulate different positions of the methane
volume along the 20 m path to determine the spatial resolution of the device.

Figure 8.1  Gas tunnel

9. Results of the development based on laser diode

The gas tunnel and the device were installed at Miningtek’s premises and tests commenced at the
end of March 2001.

The laser diode based device requires a custom-built powerful laser impulse diode at 1,665 ìn (ON
wavelength). The initial cost of manufacturing of the required customized impulse laser diode was
beyond the funds available for the year. Therefore, NLC proposed that for the prototype testing, a
commercially available continuous wave (CW) laser diodes driven at higher current than rated
would be used in an attempt to obtain a higher output power.

Unfortunately, during the test of the prototype device it was established that these CW diodes did
not provide the required output power to obtain a practical operational distance due to damage of
the optical resonance chamber when driven with a higher current. Computer simulation of the



29

processing software provided positive results. Under such conditions it was impossible to confirm
or discard the ROPRES concept.

In order to complete the project, the development of a second prototype based on the original OPO
concept was decided upon. This prototype was based on the powerful NLC laboratory laser
installation.

10. Design of OPO based device

The objectives of the second prototype development are as follows:

• To verify the theoretical calculation of the laser parameters for a given mine atmosphere
• To verify the detection sensitivity obtained by backscattered light in a mine atmosphere
• To formalize the future development of ROPRES.

To this end, a laboratory setup was prepared using a Nd:YAG laser pumped OPO which provided
tunable short 7,0 ns laser pulses in the 1600 nm wavelength region. The receiver system designed
for the first prototype was utilised to capture the backscattered signals. In addition, a 8m long gas
tunnel was constructed to provide a simulated mine atmosphere. The tunnel was built using the
principal of the previously designed 2 m tunnel. The experimental system consists of three main
components: the transmitter laser and beam delivery optics, the receiver system and signal capture
electronics and a tunnel providing the measurement atmosphere. The experimental setup is shown
in Figure 10.
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Figure 10  The experimental setup
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10.1 The transmitter

The laser transmitter consists of a Nd:YAG pumped OPO laser, continuously tunable at the
required wavelength bands.  The Nd:YAG laser (Continuum 9010) is frequency-tripled and provides
160 mJ, 7-8 ns, 10 Hz laser pulses at 355 nm. These laser pulses are then used to pump the
optical parametric oscillator (OPO) (Lamda Physik Scanmate) providing widely tunable emissions.
The idler wavelengths around 1600 nm provides up to 5 mJ of laser energy with a line width of 2.6
nm.

This output was attenuated further as it proved to saturate the highly sensitive InGaAs receiver
detector. If the OPO was operated slightly above threshold, laser energy of ±500 ìJ were measured
at 1665 nm. Due to the nature of OPO emission close to threshold, the stability of these pulses was
only in the order of ±10%. In addition, the beam structure is multimode, resulting in a large beam
divergence (the actual value of the beam divergence could not be determined due to severe pulse-
to-pulse fluctuations).

A beam expander consisting of an f=40 mm and f=150 mm lens helped to constrain the spatial laser
output to an acceptable size (±250 mm diameter inside the tunnel).  A folding mirror located at the
receiver telescope primary lens ensured that the laser beam was aligned collinearly with the
receiver field of view and the center of the tunnel (Figure 10.1)

The laser parameters determined after the final folding mirror is as follows:
• Pulse width at 1666 nm: 7 ns
• Laser line width at 1666 nm: 2.66 nm
• Pulse energy:

o At ON wavelength 1665 nm: 375 ìJ
o At OFF wavelength 1624 nm: 397 ìJ

• Beam structure: multimode
• Pulse repetition frequency: 10 Hz

The laser wavelength was calibrated using a monochromator set up calibrated at the 632 nm HeNe
wavelength, ensuring exact wavelength tuning for each measurement.
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Figure 10.1  The laser with beam extender

10.2 Receiving system

The receiver telescope and signal capture system comprise the following components (Figure
10.2):

• 150 mm diameter telescope (see NLC-LTE09-REP-002)
• InGaAs detector (see NLC-LTE09-REP-002)

o 60 dB amplification
o Responsivity: 550 V/W at 1665 nm

• 500 MSamples/sec digitizing oscilloscope (Tektronix 520A with waveform math option)
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Figure 10.2 Receiver telescope and beam splitter

10.3 Gas tunnel design
A tunnel was constructed to provide a simulated mine atmosphere. The tunnel design is very similar
to that described in Chapter 8, and consists of an 8m x 0.8m diameter steel pipe cut at <40º at the
entrance and exit.  Cellophane windows treated with anti-static solution provided high transmission
(>98%) at the required wavelengths.  Three axial fans were positioned along the axis of the tunnel
as well as a cross flow fan near the back end of the tunnel. The fans aided the even distribution of
coal dust and methane gas inside the tunnel.  Inlet ports for methane gas and coal dust were also
provided (Figure 10.3).

Coal dust with particle sizes <25 ìm was introduced to the tunnel in order to simulate a typical mine
atmosphere. The enhanced backscatter signal from the coal dust was detected and had a half-life
of up to 30 minutes.  Thereafter the dust would slowly settle on the tunnel floor.

Methane gas from 0 up to 2.5% concentration was introduced to the center of the tunnel while open
ports on the tunnel floor allowed air to escape. A methane detector TX3261 by TROLEX located
in the center of the tunnel floor provided measurements of the methane concentration. After each
methane fill, a few minutes were allowed for the gas to disperse before the concentration was
determined.
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Figure 10.3  8 m gas tunnel

11. Test results of the second prototype based on OPO

A large number of measurements were performed with the set-up described above. The
experiments were done in the following order:

• Optimisation and characterisation of laser beam parameters
• Beam alignment
• Backscatter measurements
• Differential absorption measurements
• Optimisation of measurement sensitivity

11.1 Beam alignment and optimisation

A full characterization of the transmitted laser parameters was done giving the results of the
measurements as described in the previous section. In order to align the receiver telescope, a 1665
nm laser diode was positioned close to the exit window and aligned collinearly with the transmitted
pulse. This signal was then optimized on the InGaAs detector, to ensure that the receiver field of
view overlapped the transmitted beam path as closely as possible.

In addition, a second detector located at the source output provided the signal capture electronics
with a trigger signal for accurate measurement of the time delay (and thus the range) of
backscattered signals.

The values for the on and off wavelengths were chosen using absorption spectra of methane
(Rothman, 1998). All measurements were performed at 1.666 nm for the ON (absorbed)
wavelength and at 1.624 nm for the OFF (non-absorbed) wavelength.  The Figure 3.1 shows these
absorption spectra.

11.2 Backscatter measurements
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The first step towards methane detection was to determine the atmospheric backscatter signal that
could be achieved with the current experimental set up. For this purpose, a background signal was
first recorded (Figure 11.2.1). The two peaks represent the signals reflected off the tunnel windows
with the space in between representing the inside of the tunnel (separation 48 ns i.e. 8 m).  A third
smaller peak represents the laboratory window. In subsequent measurements, these reflected
peaks were reduced considerably after preparing the cellophane with anti-static solution, thus
reducing the amount of coal dust clinging to the surfaces.

Figure 11.2.1 Background calibration of the setup

Thereafter, coal dust was introduced to the tunnel while the fans aided circulation of the dust. At
first, a huge peak would grow at the position of dust insertion, flattening out as the dust disperses
in the tunnel and then stabilising according to the airflow pattern in the tunnel.  This pulse shape
would then gradually reduce as the dust fall out, reaching about half the initial amplitude after 30
minutes. The Figure 11.2.2 shows a typical backscatter signal inside the tunnel.



35

Figure 11.2.2 Backscattering signal

The above signal shows a backscatter dynamic range of about 130 mV (max).  Experimenting with
the fan positions and locations of dust insertion enabled us to increase this value to almost 250 mV
(after initial dispersion).  The Figure 11.2.3 shows two traces, one without dust in the tunnel, and
the second – a few minutes after dust was introduced to the tunnel.

Figure 11.2.3  Improved dust mixing in the gas tunnel
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11.3 Differential absorption measurements

Once an acceptable backscatter signal was established, differential absorption measurements were
performed. The procedure involved taking reference signals at both the ON and OFF wavelengths,
with dust in the tunnel but no methane. 2.5% methane was then introduced to the tunnel and the
concentration was measured using the TROLEX sensor. As soon as the concentration level
stabilised, the differential absorption signal was measured at two locations separated inside the
tunnel at 1,5 m (9 ns). This procedure was repeated at different methane concentrations. The
Figure 11.3.1 shows a typical measurement:

Figure 11.3.1  Received ON and OFF signals in the presence of methane

The bottom trace (Figure 11.3.1) represents the signal in the tunnel without any coal dust.  The
middle trace is the signal measured at the absorbed (ON) wavelength and the top trace the non-
absorbed wavelength or (OFF) wavelength.

Table 11.3 summarized measurements taken at 1.0, 1.5, 2.0 and 2.5% methane concentrations.
In each case an average of 50 measurements were taken.  Also, minimum and maximum values
were noted in order to establish a measure of the resolution that can be achieved with the current
system.
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Table 11.3  Test results

CONC Lamda ON 1.666 Lamda OFF 1.624 Lamda OFF (Corrected)
[%] min max min max min max
1 92 104 126 130 113 117

1.5 52 56 76 80 68 72
2 54 58 83 88 75 79

2.5 52 58 89 96 80 86

CONC[%] Lamda ON
[avg]

Lamda OFF
[avg]

ln (loff/lon) CONC[%] Calculated Concentration

1 98 115 0.15996465 1.0 0.773873191
1.5 54 70 0.259511195 1.5 1.255457111
2 56 77 0.318453731 2.0 1.540607913

2.5 55 83 0.411507423 2.5 1.990780856

11.4 Calculation of the methane concentration

Using results presented in Table 11.3, the calculation of the remotely measured concentration were
performed using the following equations:

11.4.1

11.4.2

where á = ó x Natm = 1e10-21 cm-2 x 2.55x1019 molecules.cm-3.

Figure 11.4 presents the plot of the remotely measured values against the real, measured
concentration in the tunnel with the TROLEX sensor.  Linear regression of the data shows a
correlation of 99% with the zero intercept at 0.013.  Ideally, this should be exactly at zero but the
result is very acceptable if the measurement uncertainty is taken into account (see error bars,
Figure 11.4). Such error is easy to correct by offset calibration.

This offset can be attributed to any, or a combination, of the following:

• The absorption cross section value of methane at 1666 nm might be different when
measured at the same line width of the laser system. Ideally, this value should be
established using the laser source.

• Concentration gradients in the tunnel and uncertainty in the measured concentration values.
• Instability in the laser output energy and beam profile.
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Figure 11.4  Test results

11.5 Resolution of methane concentration

Measurements were done to establish the resolution at which methane concentrations could be
measured. The uncertainty in the values increases slightly at lower concentrations due to the
decrease in the dynamic range of measurements and the digitization effects of the signal capture
process.  At 0.5% resolution the uncertainty in the concentration is about 10% at 1% methane and
about 7% at 2.5% methane. These values increase to >25% at a 0.25% resolution and >50% at
0.1% resolution.

There may be a number of reasons for this:
• Laser source energy instability due to the fact that the OPO is operated close to the

threshold value
• The laser beam profile does not correspond well with the receiver field of view due to large

laser beam divergence
• The mine-dust atmosphere in the tunnel is unstable.
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12. Conclusions

1. Theoretical and practical studies provided the required information for an optical evaluation of
the mining atmosphere.

2. The theoretical study on scattering of IR radiation of dust particles demonstrated that the
amount of backscattered radiation in the mining atmosphere is sufficient for obtaining of 1-2
m spatial resolution on methane detection.

3. Subsequent tests of the prototype have confirmed the results of theoretical studies.
4. Methane concentration resolution of 0.25 % was achieved with the prototype.
5. The resolution can be increased to the required value of 0.1% if the following improvements

to the laser are implemented:
• A much better laser output stability will be obtained from a properly designed laser

source (an available laser has been used)
• An increased overlap between laser divergence and the receiver field of view will be

obtained from a properly designed laser source
• A much increased measurement sensitivity (up to 100 times) if the methane

absorption lines at 3300nm are used. (It should be equally possible to design a laser
source at 3300nm or 1666nm).

• A more stable simulation of mine atmosphere measurements will be obtained in real
underground conditions without reflecting windows and fans in the gas tunnel.

6. All these improvement could be made during the development of an autonomous device for
laboratory and underground tests.

7. The concept of ranging open path remote flammable gas detection/monitoring for underground
mines has been verified.

13. Recommendations

The next step in the development of a commercial ROPRES device will be the development of an
autonomous device and testing of the device in underground conditions. A miniaturized laser based
on an OPO is proposed for further implementation during phase two.

It should be taken into account that laser technology is a rapidly progressing field and it is possible
that during the development of an autonomous device based on an OPO some other technology
such as microlaser, become commercially available. In this case the new technology will need to
be evaluated.
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Appendix

Results of processing software modelling
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